Two distinct human herpesvirus 6 (HHV-6) variants infect humans. HHV-6B is the etiologic agent of roseola and is associated with lifethreatening neurological diseases, such as encephalitis, as well as organ transplant failure. The epidemiology and disease association for HHV-6A remain ill-defined. Specific anti-HHV-6 drugs do not exist and classic antiherpes drugs have secondary effects that are often problematic for transplant patients. Clinical trials using IFN were also performed with inconclusive results. We investigated the efficacy of type I IFN (α/β) in controlling HHV-6 infection. We report that cells infected with laboratory strains and primary isolates of HHV-6B are resistant to IFN-α/β antiviral actions as a result of improper IFN-stimulated gene (ISGs) expression. In contrast, HHV-6A-infected cells were responsive to IFN-α/β with pronounced antiviral effects observed. Type II IFN (γ)-signaling was unaltered in cells infected by either variant. The HHV-6B immediate-early 1 (IE1) physically interacts with STAT2 and sequestrates it to the nucleus. As a consequence, IE1B prevents the binding of ISGF3 to IFN-responsive gene promoters, resulting in ISG silencing. In comparison, HHV-6A and its associated IE1 protein displayed marginal ISG inhibitory activity relative to HHV-6B. The ISG inhibitory domain of IE1B mapped to a 41 amino acid region absent from IE1A. Transfer of this IE1B region resulted in a gain of function that conferred ISG inhibitory activity to IE1A. Our work is unique in demonstrating type I IFN signaling defects in HHV-6B-infected cells and highlights a major biological difference between HHV-6 variants.
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immediate-early 1 | interferon-stimulated genes | STAT2 S ecreted type 1 IFNs (α and β) bind to a receptor linked with Tyk2 and Jak1 tyrosine kinases (1, 2) . Activated Jak1 and Tyk2 in turn phosphorylate STAT1 and STAT2, which assemble with IRF9 to form the IFN-stimulated gene factor 3 (ISGF3) complex that binds to IFN-stimulated response elements (ISRE) and promote transcription (3) (4) (5) (6) . Products of IFN-stimulated genes (ISGs) play essential roles in antiviral defense.
Human herpesvirus 6 (HHV-6), isolated more than 20 years ago (7) , is an increasingly recognized medically relevant pathogen. Two distinct HHV-6 variants (A and B) exist. These viruses have distinct biological properties and are associated with specific pathological conditions. The most common clinically defined disease associated with HHV-6B is roseola (8) . HHV-6B reactivation is also common after hematopoietic stem cell transplantation and is responsible for severe complications (9) . Much less is known regarding HHV-6A, but results suggest that this variant is more neurotropic than HHV-6B (10) .
In the present work, we studied the activation of ISGs during HHV-6 infection. Our results show a striking difference between HHV-6 variants, with HHV-6B effectively dwarfing ISGs activation and HHV-6A having only limited effects. Using RNA interference, we have identified that the immediate-early 1 (IE1) protein of HHV-6B is responsible for this effect. Finally, we demonstrate that IE1 inhibitory actions were mediated through physical interactions and nuclear sequestration of STAT2, leading to impaired assembly and binding of ISGF3 to ISRE elements. Work performed in the early 1990s suggests that HHV-6 is sensitive to type I IFN antiviral effects (11, 12) . We revisited this issue and tested whether the timing of infection relative to the IFN treatment affected the outcome. IFN-α treatment of SupT1 cells before infection was very effective at restricting growth of both HHV-6 variants (Fig. 1A) . In contrast, when peripheral blood mononuclear cells (PBMCs) were infected with HHV-6 before IFN-α or IFN-β treatment (1,000 U/mL), the replication of all HHV-6B strains (Z29 and HST) and primary isolates (#393 and #466) tested was unaffected, although that of HHV-6A (GS and U1102) was reduced by 90% (Fig. 1 B-G) . Similar effects were observed at lower (10-100 U/mL) IFN doses ( Fig. S1 A-D) . To test for potential type I IFN signaling defects, SupT1 cells were infected with HHV-6, then stimulated with IFN-α, and ISG expression determined (Fig. 1H) . Compared with mock-infected/ IFN-α-treated cells, ISG expression in HHV-6B-infected cells was reduced and that of HHV-6A-infected cells was much less affected. SupT1 cells were infected with similar efficiencies by both HHV-6 variants, as determined by IE1 mRNA and p41 expression ( Fig. S1 E and F) . To determine specificity, type II IFN signaling was also studied. No differences were observed in response to IFN-γ stimulation between mock-and HHV-6-infected cells, regardless of the HHV-6 variant (Fig. S1G) . These results indicated that HHV-6B specifically impairs type I IFN signaling.
These results suggest that an HHV-6B-encoded gene product is abrogating type I IFN antiviral effects. SupT1 cells infected with HHV-6B in the presence of phosphonoacetic acid and stimulated with IFN-α demonstrated reduced ISG mRNA levels, indicating that late viral gene expression was not required for this effect (Fig.  S2A) . Effectiveness of phosphonoacetic acid treatment was verified by monitoring the lack of late gene (U54) expression (Fig.  S2B) . Together, these data imply that IE or E gene products are responsible for ISG inhibition. We hypothesized that IE1, being among the least conserved protein (63% amino acid identity) between HHV-6 variants (13, 14) , could be responsible for the divergent ISG modulation observed. To study this hypothesis, we made use of IE1 tetracycline (Tet)-inducible cell lines (15) . Cells were either untreated or cultured with Tet (1 μg/mL) to induce IE1A (HHV-6A) or IE1B (HHV-6B) expression ( Fig. 2A) followed by IFN-α stimulation. Expression of ISGs in IE1B-expressing (+Tet) cells was severely reduced compared with control or IE1A-expressing cells (Fig. 2B) . To test whether type II IFN-responsive genes were affected by IE1 expression, we made use of SupT1 IE1-inducible cell lines, which are responsive to both type I and type II IFNs. Activation of a type II IFN-responsive promoter (GAS-Luc reporter) was not affected; however, the activation of the ISRELuc reporter, under the control of a type I IFN responsive promoter, was inhibited by IE1B (+Tet) (Fig. 2C) . IE1B protein was able to shut down the induction of the ISRE-Luc reporter gene expression upon stimulation with either IFN-α or IFN-β, in striking contrast with IE1A inability to dwarf type I IFN signaling. IE1A failed to inhibit ISRE-Luc activation, even at low IFN doses ( Fig. 2 D and E) . These results indicate that IE1B but not IE1A is effective at blocking type I IFN signaling cascade with no effect on type II IFN signaling.
HHV-6B IE1 Protein Prevents the Formation and Binding of ISGF3
Complex to ISRE Elements in Human Cells. Western blot analyses disclosed that steady-state and phosphorylated protein levels of STAT1, STAT2, and IRF9 remained unchanged, despite IE1A or IE1B expression and before or after IFN-α stimulation (Fig. S3A) . DNA-binding activity of the ISGF3 transcription complex in IE1-expressing cells was studied next by EMSA. IFN-α stimulation resulted in pronounced gel shift signals in control (Lane 2) and IE1A expressing cells (Lane 3) (Fig. 3) . In contrast, the ISGF3 complex was absent from IE1B expressing cells (Lane 4). The specificity of ISGF3 complex was confirmed using excess homologous (ISG15) (Lanes 7-10) or heterologous (NF-κB) (Lanes 11-12) and (ATF-2/c-Jun) (Lanes 13-14) cold probes. Because of the heterotrimeric nature of the ISGF3 complex and difficulties in inducing a supershift with antibodies directed against ISGF3 components, we performed Western blot of mobility-shift gels, as described (16) . Protein-DNA complexes formed with extracts from untreated or superinduced (18 h of IFN-γ, followed by 30 min of IFN-α) A549 cells. The positions of the bands stained by antibodies against ISGF3 subunits on Western blot were determined by alignment with the autoradiographs from control lanes of the mobility-shift gel (Fig. S3B) . We concluded that the inhibition of type I IFN signaling in HHV6B-infected cells is caused by a defect in ISGF3 binding to ISRE elements.
Immunofluorescence microscopy was used next to examine the subcellular localization of ISGF3 components in IE1-expressing cells. STAT1 localized in the cytoplasm of control and IE1-expressing cells (Fig. S4A) . Interestingly, STAT2 localized in the nuclei of IE1B-transfected cells, even though no IFN was added (Fig. 4A ). When cells were treated with IFN-α for 1 h, STAT1 and STAT2 accumulated in the nuclei of control and IE1A, IE1B cells (Fig S4 B and C) . Twenty-four hours after IFN-α activation, STAT1 and STAT2 were redistributed in the cytoplasm of control and IE1A-transfected cells but STAT1 and STAT2 remained in the nuclei of IE1B-expressing cells ( Fig. S4 D and E). To confirm and extend these results, we studied endogenous STAT2 localization in U2A cells, a 2fTGH-derivative that lacks IRF9 (17, 18) . IE1B expression caused nuclear accumulation of STAT2 in U2A cells (Fig. 4B ), suggesting that IE1B affects the constitutive cytoplasmic-nuclear shuttling and sequesters STAT2 in the nucleus in an IRF9-independent manner.
Physical Interaction Between IE1 and ISGF3 Components. We could successfully pull down STAT2 by immunoprecipitating IE1 from HHV-6B-infected cells, suggesting that these two proteins physically interact (Fig S5 A and B) . Similar results were obtained in 2fTGH, U3A (STAT1 − ) and U2A (IRF9 − ) cells, indicating that IE1B/STAT2 interaction was independent of STAT1 or IRF9 (Fig S5C) . To map the IE1B/STAT2 interacting regions, we expressed and tested myc-tagged mutants of IE1B (Fig. S5D) for interactions with STAT2. WT, 1-809 and 1-540 IE1B mutants interacted with STAT2, although the 1-270 and 1-133 mutants failed to do so, suggesting that the IE1 region binding to STAT2 lies between amino acids 270 and 540 (Fig. 5A) . To map the STAT2 regions binding to IE1B, we used GFP-STAT2 mutants (19) (Fig. S5E) . IE1 is able to interact with WT and all STAT2 mutants, with the exception of the ΔN235 mutant (Fig. 5B) . At first, this would suggest that IE1B binds STAT2 within the 111 to 235 amino acid region, but results from Banninger and Reich (19) indicate that the ΔN235 STAT2 mutant, which lacks the coiled- coil domain responsible for binding to IRF9, is cytoplasmic and does not shuttle to the nucleus. Considering that IE1B is a nuclear protein (20) , physical interactions between the ΔN235 and IE1B would not be possible under the current experimental settings. Taking this into consideration, we concluded that IE1 binds STAT2 within the 111 to 397 region.
We next determined whether binding of IE1B to STAT2 correlated with ISG inhibition. WT and IE1B mutants were expressed into 293T cells followed by IFN-α stimulation. The 1-809 and 1-540 mutants were capable of suppressing ISG activation as efficiently as WT IE1, unlike mutants 1-270 and 1-133, which had lost their inhibitory potential (Fig. 5C) . We concluded that a direct correlation existed between the ability of IE1B to bind STAT2 and the ability of IE1B to inhibit ISGs activation.
IE1 Is Responsible for the Impaired Type I IFN Signaling in HHV-6B-Infected Cells. We made use of stable shIE1B knockdown SupT1 cells, which express constitutive shRNA specific for the IE1B transcript (SupT1-shIE1B), to suppress IE1 expression during HHV-6 infection. As shown in Fig. 6A , near total knockdown of IE1B expression is observed in SupT1-shIE1B cells following infection with two HHV-6 infectious doses. In uninfected cells (SupT1shC and SupT1-shIE1B), IFN-α efficiently stimulated the expression of ISGs (Fig. 6B ). Control cells (shC) infected with HHV-6B displayed reduced ISGs activation; however, those in which IE1B was knockdown (shIE1B), ISGs activation levels were comparable to those of uninfected cells. These results suggest that the IE1 from HHV-6B specifically counteracts type I IFN signaling pathway during infection.
IE1A/IE1B Chimera Protein Is Capable of Inhibiting Type I IFN Signaling.
Global alignment of IE1 sequences from HHV-6 variants disclosed the presence of a 41 amino acid insertion within the 270-540 region of IE1B (amino acids 455-496), a region that is crucial for ISGs inhibition (Fig. 6C) . We generated an IE1A hybrid protein carrying the 41 amino acid insertion from IE1B and tested whether IE1B's ISGs inhibitory activity could be transferred to IE1A. 293T cells were transfected with the IE1A/B hybrid expression vector and stimulated with IFN-α. As shown (Fig. 6D) , the level of ISGs following IFN-α treatment is comparable in control and IE1A-expressing cells. In the presence of IE1B or IE1A/B hybrid protein, the expression levels of ISGs were considerably diminished. These results indicate that the transfer of the 41 amino acid segment from IE1B to IE1A protein results in a gain of function for IE1A, making this protein efficient at curtailing ISGs activation following IFN-α treatment.
Discussion
Human herpesviruses are excellent examples of well-adapted pathogens that can establish long-term relationships and persist within their hosts. Of them, HHV-6B colonizes nearly 100% of the human population, making it one of the most successful pathogens existing. In contrast, despite sharing >90% identity with HHV-6B, the A variant is encountered much less frequently in North America, Europe, and Japan (9, (21) (22) (23) (24) (25) (26) . Previous reports have indicated that HHV-6 is sensitive to IFNs. In these studies, cells were either treated with IFN before infection or cultured for extended periods of time (10 d) before assessing IFN-α/β anti-HHV-6 effects (11, 12) . Under these circumstances, the antiviral machinery triggered by IFN-α/β is induced before viral entry and can efficiently interfere with infection processes. Our data (Fig.1A) confirm that IFN-α pretreatment is effective at preventing infection of both HHV-6 variants. However, different results are obtained when cells are first infected with HHV-6 before stimulation with type I IFN. Under such circumstances, the antiviral effects of IFN-α/β on HHV-6B are almost completely negated, suggesting that this variant encodes proteins alleviating the antiviral effects of IFN. Under identical conditions, the growth of HHV6A was severely impaired, indicating that HHV-6A is less efficient at avoiding the antiviral effects of IFN. Our results indicate that HHV-6B-but not HHV-6A-infected cells respond improperly to IFN-α stimulation, with reduced expression of ISGs that are involved in the establishment of viral interference.
One of the most divergent proteins between HHV-6 variants, with amino acid identities ranging between 62 and 71% (depending on which viral strains are compared), is the IE1 protein (13, 14, 20) . IE1 is a phosphorylated and sumoylated nuclear protein that is expressed within 1 h of infection (20, 27) . The functions of IE1 during infection are currently unknown, but in recent work we reported that IE1 is efficient at preventing IFN-β gene transcription, indicating that it likely plays important roles for successful infection initiation and establishment of persistence (15) . We provide evidence that IE1 from HHV-6B but not HHV-6A is very efficient at inhibiting ISG activation in response to type I IFNs.
We addressed the mechanism by which IE1B might prevent ISGs activation in response to IFN stimulation. The early activation steps (Jak kinases phosphorylation) were unaffected by IE1B; however, subsequent formation and binding of ISGF3 to ISRE elements were affected. The improper assembly of the ISGF3 complex likely originates from the ability of IE1B to bind to the coiled-coil motif of STAT2, a region previously identified as the IRF9 binding site (28) . By binding to STAT2, IE1B would alter the association of IRF9 with STAT2 and the binding to ISRE elements, because in the absence of IRF9, STAT2 does not possess DNA-binding properties. The binding of IE1B to STAT2 also causes nuclear accumulation of STAT2, even though cells were not stimulated with IFN-α. Previous work indicated that under resting conditions STAT2 shuttles constantly from the cytoplasm to the nucleus (19, 29) . The nuclear export of STAT2, being more efficient than its import, results in a predominance of STAT2 in the cytoplasm. However, in IE1B-expressing cells, the shuttling of STAT2 is affected. After reaching the nucleus, STAT2 binds to IE1B, preventing its export to the cytoplasm and causing its nuclear accumulation. Whether cofactors are involved in the nuclear shuttling of STAT2 is somewhat controversial. Banninger and Reich suggested that the cytoplasmic/nuclear shuttling of STAT2 was dependent on IRF9 (19) . In contrast, Frahm et al. state that under resting conditions, the nuclear import of STAT2 is independent of IRF9 (29) . The reasons for this divergence are at present unclear. Using the U2A cells (IRF9 − ), we observed that IE1B could physically interact with STAT2 and cause nuclear retention of STAT2, suggesting that under resting conditions, STAT2 can shuttle independently of IRF9.
We mapped the ISGs inhibitory domain between amino acids 270 and 540 of IE1B. We could correlate the inhibitory potential of the IE1B mutants to their STAT2 binding properties, suggesting that ISG inhibition is a direct consequence of IE1B binding to STAT2. The fact that IE1 from the HHV-6A variant proved ineffective at suppressing ISGs is of interest. IE1B is 1,078 amino acids long, compared with 941 for IE1A. Two insertions of 41 and 75 amino acids in IE1B account for the bulk of the difference in length between the IE1 proteins of both HHV-6 variants (20) . Interestingly, one of these two insertions is located within the 270 to 540 region of IE1B that is responsible for ISG inhibition (20) . The lack of such regions within IE1A could explain its inability to suppress ISG expression. Using an IE1A hybrid carrying the 41 amino acid insertion from IE1B (amino acids 455-496), we could transfer the ISGs inhibitory effects to IE1A, suggesting that this region represents the inhibitory domain.
To address the possibility that viral proteins other than IE1 may contribute to the type I IFN signaling defects observed in HHV-6-infected cells, we made use of RNA interference technology. We were able to demonstrate that in the absence of IE1B expression, cells regain their ability to respond to IFN-α stimulation and display normal ISG expression levels. These results suggest that IE1B is responsible for the majority of the inhibitory effects. Because the impact of IE1 knockdown on the HHV-6 life cycle is currently unknown, we cannot exclude potential effects from other viral proteins.
The diversity of molecular mechanisms evolved by viruses to block IFN signaling is enormous. Interestingly, HCMV IE1, which shares no sequence homology with HHV-6 IE1, affects the binding of ISGF3 to ISG promoters (30) , possibly through binding of STAT2 via a 54 amino acid acidic motif (pI 3.2) located near the COOH terminus (31) . SUMOylation of K450 within the acidic domain could reverse ISG inhibition by HCMV IE1 (31) . Analysis of the 41 amino acid region of HHV-6 IE1B responsible for ISG inhibition reveals no such acidic motif (pI 6.8). Furthermore, our results indicate that the K802R SUMOylation-negative mutant of IE1 (20) is as effective as WT IE1 at suppressing ISG expression, indicating that HHV-6 and CMV have evolved divergent inhibitory mechanisms.
In summary, this study is unique in reporting that HHV-6B abrogates IFN-α/β signaling. Considering that type I IFNs are often used to treat viral infections, our results could have medical implications. Work by Hong et al. teaches us that in a cohort of multiple sclerosis patients, a direct correlation existed between the HHV-6 plasmatic viral loads and the duration of IFN-α treatment suggesting potential resistance of HHV-6 to short term IFN therapy (32) . This situation would be somewhat analogous to our experiments showing resistance of HHV-6-infected cell to IFN-α/β. In addition, work by Gracia-Montojo et al. indicated that in a cohort of multiple sclerosis patients treated with IFN-β, the prevalence of plasmatic HHV-6 DNA was not statistically different from those from untreated multiple sclerosis patients (33) . These results suggest limited efficacy of IFN-β as anti-HHV-6 therapy and that prolonged IFN administration is needed to obtain an antiviral effect. These results are in agreement with our findings that HHV-6-infected cells are resistant to type I IFN therapy. Further work is needed to determine the relative usefulness of IFN as a therapy for HHV-6.
Materials and Methods
Cell Culture, Virus Production, and Infection. SupT1 cells were cultured in RPMI medium 1640 (Sigma-Aldrich) supplemented with 10% FBS (FBS). The 293T cell line (ATCC), 2fTGH and 2fTGH-derived cell lines U2A, U3A, and U6A (generously
